A 3D contact analysis and modeling suite of tools are developed and introduced in this work. The "3D Contact Map" of an electrical contact interface is presented demonstrating the 3D nature of the contact. It gives information on where the electrical contact spots in a 3D surface profile are located. An X-ray Computer Tomography (CT) technique is used to collect the 3D data to a resolution of around 5 μm of a real un-dismantled contact interface for analysis. Previous work by Lalechos and Swingler presented "2D
Introduction
Real surfaces contain peaks and valleys on the microscopic scale presenting a roughness. On this scale when two surfaces are brought together this roughness influences mechanical contact. It is evident that mechanical contact occurs only in a specific number of areas on the apparent area of contact. Surfaces have been discovered to have multi-scale characteristics with fractal behavior. As a result, there is great interest in surfaces and interfaces based on the representation of the surface as a fractal [1] [2] [3] [4] [5] [6] [7] .
Various approaches have been used to understand contact phenomena. Initially, Holm [8] in the 1930s developed a fundamental theory to describe contact mechanisms and contact resistance. Over time, this theory has developed to include features such as asperity shape, contact spot number, contact spot distribution, material properties, surface profiles and operating conditions. Greenwood-Williamson's model [9] , three decades after Holm's work, assumes that asperities on a surface are hemispherical in shape with the same radius. According to the Greenwood-Williamson model, the peaks of a surface of asperities are considered to be located at different heights following a random Gaussian distribution. The asperities undergo elastic deformation (considering the plastic deformation under particular conditions) when a Greenwood-Williamson surface comes into contact with a flat plane. This model has been further developed by many researchers including Majumdar and Bhushan [2] who create a fractal surface profile with different asperity radii.
Having more detailed knowledge of the physics and mechanisms of electrical contacts and their material properties helps in the design of devices with better performance and long-term reliability. This knowledge is beneficial for contact users, their suppliers and equipment system design engineers [10] . Various factors such as normalforce (applied force perpendicular to the surface), general contact design and electrical parameters have an impact on the reliability of contact systems [10] . The choice of normal-force and the general contact design are fundamental to a good contact so that an acceptable level for the operating life can be maintained. For example, the larger the area of contact is, the better the electrical contact in terms of lower contact resistance is.
Bowden and Tabor [11] , introduced the plastic deformation relationship as shown in Eq. (1) . Where A p is the area of contact (under plastic deformation), F is the applied force and H is the hardness of the material.
Under elastic deformation of the materials, Hertz's contact theory [12, 13] is used as shown in Eq. (2) . Where A e is the area of contact (under elastic deformation), F is the applied force, a is the radius of contacting spheres and E n is a constant consisting of Young's modulus and Poisson's ratio of the materials involved.
Contents lists available at ScienceDirect According to Cooper et al. [14] the contact resistance can be calculated from the electrical contact spots each of which have independent constriction resistances which are all in parallel. For a single circular contact spot of radius α Holm [15] reported that the contact resistance R is given by Eq. (3). Where ρ, is the average value of the electrical resistivities for the two bodies in contact.
For a larger number of contact spots, assuming the electrical resistivity for the two bodies is constant, Eq. (3) for a distribution of such radius α i , iA ½1; n (where i is the contact spot of interest and n is the total number of contact spots) can be written as follows:
Where α is the average value of a i . According to Ciavarella et al. [16] commenting on the work of Jang and Barber [17] , it is generally predicted by fractal contact theories that the nα is unbounded with progressive scale refinement which leads to the unlikely conclusion that for a fractal surface the contact resistances due to surface roughness is always zero. Greenwood in [18] reported that if a two scale structure consists of a set of n actual contact areas of radius α i (first scale structure)
clustered within a circular "contour area" of radius b (second scale structure), the contact resistance R is well approximated by the following
Moreover, Greenwood [18] derived a formula for the contact resistance which depends on the distances between the set of circular contact spots. The Greenwood formula of the contact resistance is given by Eq. (6) . Where a i is the radius of contact spot i, a j the radius of contact spot j and d ij is the distance between the contact spots i and j.
In this current work, the Greenwood formula (Eq. (6)) is used to calculate the contact resistance from real data acquired using an X-ray CT visualization technique to a resolution of around 5 μm. The X-ray CT visualization technique was used previously by Lalechos and
Swingler [19, 20] to a resolution of around 8 μm. They pictured an actual contact interface as a "2D Contact Map" presenting the contact interface as a 2D surface plane. The current work shows the contact interface is not a 2D surface plane between contacting bodies but a 3D surface profile. Some initial work has been presented by the authors which shows the evaluation of electrical contacts using an X-ray CT visualization technique [21] . This current work presents the actual contact interface in a "3D Contact Map" compared with the "2D Contact Map" for 0 A and 16 A AC. A suite of tools of Contact Analysis Techniques (CAT n ) are developed to achieve this.
Visualization techniques
The internal features of a contact interface object can be visualized using different methods. Visualization techniques can be categorized into destructive and non-destructive. Destructive techniques involving Thermo-Graphic (TG) [22] and Scanning Electron Microscopy (SEM) [23, 24] can be applied if one part of the interface is substituted to enable the viewing of the interface. If both parts of the original contact are to be investigated, then dismantling for analysis results in many of the features of interesting being destroyed (more examples for destructive techniques are given in reference [21] ). More studies in recent times are focused on non-destructive techniques involving Magnetic Resonance Imaging (MRI) and X-ray CT. These offer the possibility to acquire 2D and 3D views of samples without dismantling the component parts and thus not destroying any features of interest.
Zhu et al. [25] used MRI to show the effectiveness of this technique for the visualization of transparent and non-transparent components measuring the internal contact angles between solids and liquids. A drawback of the MRI technique is that the sample should not include ferrous materials (Fe, Ni and Co) because of interaction with the applied high magnetic fields.
Johnson et al. [26] have also used the MRI technique to visualize the radio-lunate and radio-scaphoid joints within a human body. The acquired images of the technique were used to create model geometry and kinematics for the calculation of peak contact pressures and average contact pressures, contact forces and contact areas.
The X-ray CT technique has been used much more than the MRI technique in engineering and analysis of samples such as by Popovich et al. [27] and Green et al. [28] . Popovich et al. [27] used it to characterize the internal microstructure in multi-crystalline silicon solar cells. Green et al. [28] used the technique to calculate the contact area of gas/liquid and liquid "holdup" in structured packing.
Moreover, Lalechos and Swingler [20] used the X-ray CT technique to identify the contact spots which are in mechanical contact without dismantling the specimens and produced "2D Contact Map" of portion of areas of the electrical contact interface. From the contact maps much information can be extracted such as the area and the number of contact spots, the distance between them and the total contact resistance using appropriate models [19, 20, 29] . In this current work, a comparison for the total mechanical area of contact, the number of contact spots and the total contact resistance is conducted using both the 2D and 3D mapping techniques to a resolution of around 5 μm.
Experimental methodology

Acquiring 3D X-ray CT data
The X-ray CT used in this work consists of the X-ray source, the rotary turntable and a 2D pixel array detector. The X-ray source operates at 175 kV and 133 μA. The sample is placed on the rotary turntable which enables the acquisition by the detector of 2439 2D X-ray images as the sample is rotated 360 o . The reconstruction of the 2D X-ray images into the 3D model of the sample is achieved with CT-Pro software. After this process, VGStudioMax software is used to create 2D cross-sectional slice images from the 3D model.
The procedure used to obtain the reconstruction of the 3D model and 2D cross-sectional slice images is shown in Fig. 1 . Firstly, the sample is illuminated with the X-rays from the source and the detector records the 2D X-ray image. Every time the turntable is rotated by $ 0:151, a 2D X-ray image is acquired until the turntable has been rotated by 3601. The level of X-ray intensity across an x-y plane is recorded as the 2D X-ray image. This relates to the level of admittance of the X-ray along the z-direction through the whole sample for the x-y plane. Each of the 2D X-ray images consists of information regarding the X-ray admittance character of the materials through the whole sample. The CT-Pro software uses the 2D X-ray images to reconstruct them into a 3D model. From this, a series of x-y 2D cross-sectional slice images across the sample can be obtained in the z-direction through the sample.
A suite of Contact Analysis Techniques (CAT n ) tools
For the analysis of the 2D cross-sectional slice images and 3D reconstruction models, Contact Analysis Techniques, or CAT n are developed and implemented with a suite of tools developed using Matlab and Image Processing Toolbox. The different tools are shown in Fig. 2 .
Initially, Contact Analysis Technique for Volume of Interest (CATVIn) analysis tool is used to process the 2D cross-sectional slice images cropping the areas of interest. For the visualization of the volume of interest, ImageVis3D software is used.
Contact Analysis Technique for 2D Contact Map (CAT2DCM) and Contact Analysis Technique for 3D Contact Map (CAT3DCM) analysis tools are used for the development of 2D and 3D contact maps respectively using the 2D cropped cross-sectional slice images which are produced from the CATVIn analysis tool. For the visualization of both 2D and 3D contact maps Contact Analysis Technique for Visualization (CATVis) is used. Moreover, for both 2D and 3D contact maps Contact Analysis Technique for Contact Map (CATCM) analysis tool is used for the calculation of the total mechanical area of contact, the number of contact spots and the total contact resistance. Fig. 3 shows a 2D cropped cross-sectional slice image of the Conductors 1 and 2 of the contact pair which are in mechanical contact across the interface of interest. The resolution of the 2D cross-sectional slice image in this study is found to be 4:95 7 0:05 μm for pixel length. The resolution is found by measuring the actual length between particular characteristics in the sample (e.g. length of a conductor) with a standard micro-meter and pinpointing these characteristics in the data set. These 2D cropped cross-sectional slice images are used in the ImageVis3D software and CAT n suite of tool for analysis. A detailed explanation of the techniques used in the CAT n suite of tools is given in Section 4. 0:1 μm and height z resolution of 0:1 nm. The contact force is found to be F ¼ 1:897 0:07 N and the electrical resistance across the contact pair, R cp was found using the "four-wire" method to be $ 0:27 mΩ. Fig. 4b shows the close-up view of a closed contact pair of the single pole rocker switch which is the volume of interest. For the 3D visualization of the close-up view of a closed contact pair CATVIn analysis tool and ImageVis3D software are used as described in Fig. 2. 
2D cross-sectional slice images information
Sample under investigation and macro-visualization
Contact analysis and modeling techniques
Cross-sectional slice images of the contact interface are used to produce 2D and 3D contact maps. 2D contact maps (as produced by Swingler and Lalechos [19, 20] ) can be significantly different to 3D contact maps under particular conditions which will be discussed in Section 6. Fig. 5 illustrates how both techniques work for a simple case. Fig. 5a shows the schematic cross-sectional slice image of Bodies 1 and 2 which are in mechanical contact. The white areas of the schematic cross-sectional slice image between the two bodies are indicating voids and open spaces. Fig. 5b shows the result of the 2D contact mapping technique of the schematic cross-sectional slice image of Fig. 5a , where the white areas (on the x-axis) in this case are illustrated to be in mechanical contact. The height of contact spots on the y-axis in the 2D contact maps is lost (y-direction is equal with zero). This type of technique was used by Lalechos and Swingler [19, 20] and puts the contact interface onto a 2D plane when all cross-sectional slice images are joined together. Fig. 5c shows the result of the 3D contact mapping technique of the schematic cross-sectional slice image in Fig. 5a . This is a new technique for the visualization of the contact interface in the 3D plane developed in this work. The white areas of Fig. 5c are indicating mechanical contact spots. In this technique, the contact spots are the line segments which are connecting the voids (and open spaces). The contact interface forms a 3D profile when all cross-sectional slice images are joined together.
The 3D contact mapping technique uses a 3D reconstruction model of the data taken from the cross-sectional slice images. A further technique is used to identify the contact spots and gives information on their 3D position. This technique consists of three steps. Firstly, it is required to divide the sample into equal crosssectional slices across one of the three directions. Secondly, the direction of the normal force ðFÞ is identified and in this work is defined to be perpendicular to one of the other two directions. The direction of the normal force is used to define the orientation of the coordinate system used. The last step is the examination of each cross-sectional slice separately to generate the final result.
For example, Fig. 6 shows a schematic close-up of a crosssectional slice of a sample which is divided in equal slices in the z-direction and the normal force is perpendicular to the x-direction (or parallel with y-direction). The sample consists of two bodies (Body 1 and Body 2) which are in contact (at points across the line segment AB) having two voids where their circumferences are described by different functions ðf n x; y ð Þ and f n þ 1 x; y ð ÞÞ. From Fig. 5a it is obvious that the contact spots are presented between the voids which are the result of the roughness of the two bodies. Eq. (7) describes the line segment (contact spot) AB which is the connection of the maximum value x of void n ðx maxn Þ with the minimum value of x of void n þ 1 ðx min n þ 1 Þ.
The coordinates of the points A and B are (x maxn ; f n ðx maxn Þ) and (x min n þ 1 ; f n þ 1 ðx min n þ 1 Þ) respectively, because the x values of points A and B belong to the voids, x A ðx maxn ; x minn þ 1 Þ. The suffix z in Eq. (7) is the number of the cross-sectional slice, z A ½1; i (i is the total number of cross-sectional slices). The suffix l is the number of the contact spot in each cross-sectional slice, l A ½n À 1; n with n A ½2; κ.
Where n is the number of void (or open space) and κ is the total number of voids in each cross-sectional slice (κ Z 2 because each cross-sectional slice has 2 open spaces, which are consider as voids across the x-direction). The 3D contact map consists of the plot of all line segments for all cross-sectional slices in 3D plane. In this work, a contact spot is defined as a collection of contacting pixels which are neighboring other contacting pixels by at least one of their sides. Fig. 7 shows a plan view of 3 contact spots. Contact Spot 1 consists of 5 contacting pixels, Contact Spot 2 consists of 29 contacting pixels and Contact Spot 3 consists of only 1 contacting pixel. It is important to mention that a contacting pixel which is only diagonal with a neighbor contacting pixel belonging to a contact spot is not considered to be a part of that spot (see Contact Spots 2 and 3 of Fig. 7) . The mean-point pixel is the point with the mean values of x and z (and y in 3-axes) of each contact spot.
Eq. (6) is used to calculate the contact resistance. To achieve this, each contact spot is assumed to be a circle of radius a. For example, the radius of contact spot i is calculated from the following equation:
where A i is the total contact area of contact spot i. The distance between contact spot i and j is calculated from the mean-points of the contact spots i and j. Fig. 8 shows two microscopic 2D contact maps of the contacting interface of the contact pair (conductors 1 and 2) within the switch sample. The white areas illustrate mechanical contact consisting of "contacting" pixels. The switch sample was scanned twice with the X-ray CT. The first scan was held after non-current loading and the second one was held approximately thirty days after being stored in the lab and loaded with current at 16 A AC for 48 h. Fig. 8a is the 2D contact map from the first scan at 0 A and Fig. 8b is from the second scan at 16 A.
Results and analysis
2D contact maps
For the analysis of 2D contact maps the CATCM analysis tool is used for the calculation of the total mechanical area of contact A T , the number of contact spots n s and the contact resistance R (Eq. (6) was used with ρ ¼ 15:87 Â 10 À 9 Ωm, electrical resistivity of silver at 20 1C). The results for both 2D contact maps are presented in Table 1 The CATCM analysis tool is also used for 3D contact analysis for the calculation of the total mechanical area of contact A T , the number of contact spots n s and the contact resistance R. The results for both 0 A and 16 A 3D contact maps are presented on Table 2 . The 3D contact map at 0 A has 610 contact spots with total mechanical area of contact 1:8670:03 mm 2 and contact resistance of 2:0770:02 μΩ. At 16 A 3D contact map, the number of contact spots and the total mechanical area of contact are decreased to 247 and 1:567 0:03 mm 2 respectively unlike with the value of contact resistance which is increased to 4:427 0:04 μΩ.
6. Discussion
The X-ray CT technique
The results show that the X-ray CT technique is a useful tool for viewing the contact interface without dismantling the sample and determining the total mechanical area of contact, the number of contact spots and the contact resistance Resolution is an important factor for the visualization and calculation techniques. For example, for a coarse measurement (e.g 100 μm) of resolution, only a few asperities of large curvature are visualized while for smaller measurement (e.g 0:1 μm) of resolution, more asperities of smaller curvature are visualized [16, 30] . The smallest resolution which can be obtained by the current facility is 3 μm. This depends on the sample dimensions and X-ray admittance of the sample materials. The resolution of 4:95 7 0:05 μm obtained in this work is the optimum that could be achieved with the sample configuration used. Ideally, a resolution in the order of 0:1 μm is needed to investigate a Greenwood-Williamson model of the asperities. However, it should be noted that the Contact Analysis Techniques (CAT n ) developed and implemented within a suite of tools in this work can be used with data of finer resolution. Nonetheless, some interesting features have been found with the data obtained which are discussed below.
2D and 3D contact mapping techniques
Analysis and modeling techniques are developed to produce 3D contact maps of an electrical contact interface which for the first time gives information as to where the electrical contacts in a 3D volume are located to a microscopic resolution. The mathematical modeling at the contact spots is described by Eq. (7). The equation describes a line segment or a series of line segments through each contact spot and every contact spot at the interface.
Contact maps are visualized for different electric current values in 2D (Fig. 8) and 3D (Fig. 9 ). The electric current values chosen (0 A and 16 A AC) represent the low and high current limits of the example switch sample chosen (rated at 16 A AC). The analysis of the contact map data (Table 1 from 2D mapping technique and  Table 2 from 3D mapping technique) shows that the number of contact spots and the total mechanical area of contact are smaller at the higher current irrespective of whether using the 2D mapping technique or the 3D mapping technique. The contact resistance, thus, is higher after the sample has been stressed with the 16 A current loading. This is indicating that current stressing a contact pair reduces the number of smaller spots and the dispersion of those spots. This may be due to local heating and melting at the contact spots causing them to come together. These are only initial results as more samples need to be investigated. 
Loss of information with 2D contact maps
Comparing the 2D mapping technique with the 3D mapping technique shows some points that need to be noted since data in Table 1 and data in Table 2 are different. At 0 A the number of contact spots produced by the 2D mapping technique is 592 whereas when using the 3D mapping technique this has increased to 610. At 16 A the number of contact spots produced by the 2D mapping technique is 259 whereas using the 3D mapping technique this has decreased to 247. This difference is a result of two issues which the 2D contact mapping technique presents. These are explained below.
The first issue, given the label of "Neighboring Contact Spot Aggregation Error", is where multiple neighboring contact spots as visualized in 3D are seen as one contact spot in 2D visualizations. This is a result of the contact interface in reality being a 3D surface and when analyzed with the 2D mapping technique the height (y-direction) information of that x-z surface is omitted from the data. The explanation of this issue is illustrated in Fig. 10. Fig. 10a shows the 2D contact mapping technique of a single contact spot which is developed by 2 cross-sectional slice images and consists of 8 contacting pixels. The single contact spot shown in Fig. 10a is presented in Fig. 10b in 3D contact mapping technique as 4 contact spots. For the definition of contact spot in 3D contact maps, a technique used in 2D contact maps is used as well. A contact spot in 3D contact map is defined as a collection of contacting voxels ("3D pixels") which are neighboring other contacting voxels with at least one of their sides. Contact Spot 1 in Fig. 10b consists of only 1 contacting voxel, Contact Spot 2 consists of 2 contacting voxels, Contact Spot 3 consists of 2 contacting voxels and Contact Spot 4 consists of 3 contacting voxels. Due to the "Neighboring Contact Spot Aggregation Error" of the 2D mapping technique, this results in less small contact spots but same total mechanical area of contact compared to the 3D mapping technique.
The second issue, given the label of "Overlapping Void Disaggregation Error", is where overlapping voids in the y-directions (and associated multiple spots visualize in 3D) mask contact spots when seen in 2D visualizations. This again is a result of the contact interface in reality being a 3D surface and when analyzed with the 2D mapping technique the height (y-direction) information of that x-z surface is omitted from the data. The explanation of this issue is illustrated in Fig. 11. Fig. 11a shows the schematic cross-sectional slice image of Bodies 1 and 2 which are coming in mechanical contact. The white areas of the schematic cross-sectional slice image between the two bodies are indicating voids and open spaces. Where Contact Spot 1 is the mechanical contact created by the top surfaces at the peaks of two bodies and Contact Spot 2 is the mechanical contact created by portions of side surfaces of the peaks of two bodies. Fig. 11b shows the 2D contact mapping technique which illustrates only the Contact Spot 1. The 3D contact mapping technique in Fig. 11c in contrast to Fig. 11b illustrates all the contact spots (Contact Spot 1 and Contact Spot 2). Due to the "Overlapping Void Disaggregation Error" of the 2D mapping technique, this results in less contact spots and also smaller total mechanical area of contact compared to the 3D mapping technique.
Area of contact findings
The total mechanical area of contact for the 0 A case is found to be 1:8570:03 mm 2 by using the 2D contact mapping technique which is within the error limits of 1:867 0:03 mm 2 when using the 3D contact mapping technique. Again for the total mechanical area of contact for the 16 A case is found to be 1:5570:03 mm 2 by using the 2D contact mapping technique is within the error limits of 2:5670:03 mm 2 when using the 3D contact mapping technique. Comparing the corresponding values of the total mechanical area of contact in Tables 1 and 2 it is obvious that they are very close with difference value equal with 0:01 mm 2 . At this point, it is important to mention that Lalechos et al. [19] reported that the result of the calculation of the total mechanical area of contact using 2D contact mapping technique gives values close to experimental findings using Bowden and Tabor [11] formula (Eq. (1)).
Contact resistance findings
The contact resistance for the 0 A case by using the 2D contact mapping technique is 2:16 70:02 μΩ which decreases to 2:07 7 0:02 μΩ when using the 3D contact mapping technique. The contact resistance for the 16 A case by using the 2D contact mapping technique is 4:27 7 0:04 μΩ which increases to 4:42 7 0:04 μΩ when using the 3D contact mapping technique. The difference in corresponding values in 2D and 3D contact maps is a result of the two issues analyzed beforehand in this section. According to Greenwood [18] the contact resistance (Eq. (6)) depends on the number of contact spots, the radius of each contact spot and the distances between them. The contact resistance found form the mapping techniques is much lower than values measured across the contact pair R cp % 0:27 mΩ À Á . It is thought that the measurement is much larger because an ideal four-wire technique is not possible for the sample and bulk material is still measured as well as the constrictions resistance of the spots.
Conclusion
The X-Ray CT technique has been used to produce 2D and 3D contact maps of a 16 A AC single pole switch interfaces without the need to dismantle the sample. The sample was investigated before and after current loading of 16 A. For the 2D and 3D contact maps, Contact Analysis Techniques, CAT n , are developed and implemented with a suite of tools developed in Matlab which can be used for any value of resolution. It is found that the total mechanical area of contact and number of contact spots decrease after current loading whether using the 2D or 3D contact mapping technique. Thus, the contact resistance is found to increase after current loading. However, it is found that the different techniques (2D or 3D) produced different results. The 3D mapping technique demonstrates that the contact interface is not a 2D plane but has a 3D nature. This is important when analysing contact interfaces. The 2D mapping technique is shown to have issues with "Neighboring Contact Spot Aggregation" and the "Overlapping Void Disaggregation" as information in the third dimension can be lost due to the 3D nature of a contacting surface interface. Thus, a 3D analysis technique should be used when investigating contact interfaces.
